INTRODUCTION
III-nitride white light emitting diodes (LEDs) show superior energy efficiency in contrast to traditional lighting forms, leading to substantial reductions in energy consumption and consequently air pollutants and greenhouse gas emissions.
1,2
Multiple quantum wells (QW) are often employed to confine the electron and hole wavefunctions, leading to potentially higher radiative recombination rates and device efficiencies. However, there still remains a number of challenges facing the development of nitride optoelectronics, particularly a reduction in the efficiency at higher drive currents for general lighting applications, known commonly as "efficiency droop." [3] [4] [5] [6] [7] [8] [9] [10] [11] A number of theoretical strategies have been proposed to overcome these challenges, including using QWs with different structural parameters within the same LED. 12, 13 However to assess the success of such approaches requires direct correlation between the structural and optical properties of individual optical nanostructures.
Common approaches though to study the optical properties such as photoluminescence (PL) and electroluminescence (EL), lack the spatial resolution to resolve the emission from individual quantum emitters. Recently however, cathodoluminescence (CL) in a scanning transmission electron microscope (STEM), has been used to show variations in the optical properties of individual GaN quantum disks in nanowires, 14, 15 whilst simultaneously revealing the structural properties, an approach known as nano-cathodoluminescence (nano-CL). Similarly, our own studies have recently revealed quantum confinement effects in individual InGaN QWs in high brightness LEDs. 16 Nano-CL has also been applied to study the nanoscale optical properties of semi-polar InGaN QWs, 17 GaN nanocolumns, 18 InGaN insertion in in nanowires, 19 and GaN quantum dots. 20, 21 However, as early as 1990 Yamamoto reported that the luminescent intensity of GaAs quenches under the high energy electron probe, due to the destruction of luminescent centres and the formation of non-radiative defects. 22 Electron beam induced damage has similarly been reported in InGaN [23] [24] [25] [26] [27] previously down to an electron energy of 120 keV. 28 The interaction between the sample and high energy electrons has been reported to lead to the formation of indium rich clusters, [29] [30] [31] as well as the formation of nitrogen vacancyinterstitials (Frenkel defects). [32] [33] [34] In this study, we investigate the effect of the high energy electron probe on the structure of InGaN QWs and the impact on the luminescent intensity.
METHODS AND MATERIALS
For this study, multiple InGaN quantum wells were grown with gallium nitride barriers by metal organic vapour phase epitaxy. A 200 nm AlN buffer layer was grown on silicon (111) followed by the growth of 600 nm graded AlGaN and a 1.3 lm non-intentionally doped GaN buffer layer for stress management. A SiN x interlayer was incorporated to reduce the dislocation density to $1 Â 10 9 cm À2 , and further details on the growth of III-nitrides on silicon can be found in the review by Zhu et al. 35 above and below the specimen to provide a light collection angle of up to 7.2 sr. To increase the luminescence, all CL measurements were recorded at 100 K. The samples for STEM were prepared by mechanical polishing followed by precision Ar þ ion milling at 5 keV, with a final 1 keV polish.
SPECTRAL IMAGING OF InGaN QUANTUM WELLS
Nano-CL spectral imaging is used to reveal the optical characteristics of InGaN/GaN QWs. The spectral image was recorded with a 0.5 nm electron probe and 6.4 pA probe current, over 19 Â 86 1.25 nm pixels, for 0.1 s corresponding to a total current of 1046 pAÁs at 80 keV. A Gaussian profile was fitted to the QW peak of the spectrum of each pixel to determine the peak emission intensity. The measured peak QW intensity reveals six high intensity optical features ( A decrease in the CL intensity of each of the QWs along the growth direction is observed as the specimen thickness decreases indicated by the decrease in the corresponding ADF-STEM intensity. The intensity profiles integrated along the width of the image shown in Figure 1 (c), indicates that the peak QW intensity proceeds the ADF-STEM image along the polar axis. Tizei et al. have proposed that electrons and holes drift in opposing directions in response to the internal electric field. Since the emission is dominated by the recombination of the minority carriers (holes) there is likely to be greater emission on the gallium polar side as holes drift towards the quantum well to recombine, in contrast to the opposing side where holes drift away from the quantum well. 36 
OBSERVATION OF ELECTRON BEAM INDUCED DAMAGE
Whilst nano-CL spectral imaging can provide spectral information with unprecedented insights into the optical properties of individual nanostructures, the exposure to the high energy electron beam used in STEM leads to a reduction in the CL intensity. Figure 1 , and further concentrated over just a 130 nm line profile to highlight the effect of the electron probe on the CL intensity. Without the peak fitting previously used the individual QW resolution may not be observed, due to the presence of the defect background signal. The nonradiative region around the line profile scan extends out to a FWHM of $80 nm from where the spectrum line profile was performed despite the sub-nanometre electron probe.
GaN DIFFUSION LENGTH OF MINORITY CARRIERS
Since the electron probe size is negligible with respect to the size of the non-radiative region, the other contribution to the CL spatial distribution arises from the diffusion of carriers. We study the minority carrier diffusion length by scanning the electron probe from the bulk towards the QWs and observe the variation in the luminescence. As the probe is scanned towards the QWs an increase in the luminescent intensity is observed as an increasing number of carriers diffuse to and recombine within the QW as shown in Figure  3 (a). The fraction of carriers that can recombine in the QW is directly related to the diffusion length of the carriers. For quantification of the diffusion length the simulated CL intensities may be fitted to the experimental results. For an electron beam with a negligible width compared to the minority carrier diffusion length, the luminescent intensity at the characteristic wavelength of the quantum wells is described by 37 
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where K 0 is the zero order modified Bessel function of the second kind, L is the minority carrier diffusion length, r denotes the distance between the probe and the QW region, x is the position along the growth axis and y the position perpendicular, and a is the initial CL intensity constant. The experimental carrier concentrations are compared with the simulated minority carrier concentration, which corresponds to the integrand of the previous formula, and an example is shown in Figure 3 (b) with a diffusion length of 60 nm. For statistical reliability, the diffusion length was measured by comparing 10 line profiles with the simulated results and the results are shown in Figure 3 (c). The average diffusion length measured was 68 nm, with a standard deviation of 15 nm. The measured value is within the range often reported by CL measurements (25-300 nm), 17, [38] [39] [40] [41] [42] [43] [44] [45] [46] although there have also been reports of minority carrier diffusion lengths measured by alternate methods, which have been reported to extend to up to several microns. [47] [48] [49] The measured diffusion length is comparable to the observed width of the nonradiative region around the incident electron probe seen in Figure 2 and we propose that the induced defects trap the surrounding carriers.
CL DAMAGE MECHANISM
To investigate the origin of CL quenching, the variation in CL intensity over time was studied by exposing the first QW to the electron probe over electron energies ranging from 80 to 200 keV. Over all electron energies an immediate exponential decay in the luminescent intensity of the QW emission at 450 nm was observed, shown at 200 keV in Figure 4 . Whilst the emission intensity from the QW declines there is no variation in the QW emission wavelength over time.
We quantitatively study the decay in the luminescent signal by recording more than 20 spectral CL time profiles at 80, 100, 120, and 200 keV. We measure the decay lifetime, by fitting an exponential function to each of the spectral CL time profiles. The average CL decay lifetime exhibits an inverse relationship with the accelerating voltage shown in Figure 5 , indicating an increasing damage cross section at higher electron beam energies. The increase in damage at higher accelerating voltages suggests that the observed damage is the result of displacement (knock-on) induced damage 50 as the cross section for ionisation damage decreases with electron beam energy. A linear function fitted to the reciprocal of the damage lifetimes suggests that the damage threshold is 71 6 5 keV.
The theoretical threshold of electron beam energy to induce displacement damage depends on the atomic weight (N ¼ 14, Ga ¼ 69) M, and the required minimum energy transfer to break the bonds E d , which is given by 50 where m is the electron mass, c is the speed of light. The minimum energy transfer to generate a N interstitial-vacancy pair (Frenkel defect) has been calculated to be 17 eV, and for a Ga Frenkel defect, 39 eV, 51 corresponding to a threshold electron energy of 100 keV and 729 keV, respectively, in GaN. Due to the lower cohesive binding energy in InN 52 the threshold may be lower in InGaN. The observed damage threshold, suggests the generation of N Frenkel defects is the dominant factor in the reduction of the CL intensity. Nitrogen vacancies are reported to introduce an additional shallow state below the conduction band, 33, 53, 54 leading to non-radiative recombination and the observed quenching of the emission. There may also be a contribution to the reduction in the CL intensity below the predicted threshold from sputtering from surfaces or ionisation damage though further CL experiments at lower electron energies may help to reveal further insights into the damage process.
CONCLUSION
We have shown that electron beam induced damage may be minimised by reducing the electron beam energy, and nano-CL can reveal the optical properties of individual InGaN QWs for high brightness optoelectronic devices. The CL intensity was shown to exhibit an exponential decline with exposure to the electron beam over electron energies ranging from 80 to 200 keV. The measured decay CL lifetimes indicate that the damage is substantially reduced at lower accelerating voltages and we propose that below the energy threshold, damage free imaging is possible. The electron beam is proposed to the lead to the formation of nitrogen vacancies, which act as shallow non-radiative potential centres and quench the emission over an area corresponding to the minority carrier diffusion length. Nano-CL may therefore serve as a reliable experimental approach to the simultaneous study of the optical and structural properties with nanoscale resolution of III-nitride optoelectronic devices. 
